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The purpose of this resesrch was to lavestigate 
the effect upon the boundsry layer over a flst plate cue 
te fenizstion of the alrstream in the region near the 
leading eGgee of the flat plate. The free airatreans of 
the teste sere of low velocities and thue incoupreseslbdle. 
fhe results indleatedc thet lonization of the above portion 
of the boundary layer caused two dliatinuct improvesenta 
over the bouncary layer without lonigsetion occurring. 
fhe iuwprovesents «ere preeent for both Laminar and 
turbulent boundery layers, and they sere a decresse in the 
boundary layer thicknesa enc an increase in the toundery 
leyer velocity profile. Aithough the latter effects sere 
present only in the lonisec pert of the airstresau, they 
were traneferred to the comnatresm portions of the boundery 
layer wherein the sir was no longer lonizec. Therefore, 
the traneition region from leminar to turbulent flow ina 
the boundary leyer over @ flat plete without lonisstion 
#26 aoVed Cownetresam when lonizetion was present in the 


alretream passing ever the upstream pert of the flet piste. 
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The purpose of this reeearch wes to exsaine the 
effects upon the boundary leyer of su Locompreseaible air- 
atream moving over @ flat plete when a portion of the 
airstream in the region of the plete’s leading edge ras 
fonized. The effecta which were noted were the changes 
in bounaery iayer thoilekneeses and velocity profiles with 
ane «ithout flonizeation occurring. 

Uther experiments sherein Llonization wea 
utilized ae 8 means of boundary leyer control, Hef. 1 and 
nef. &, indicatec thet Lonizgation of the eiretrean in sad 
adjacent to the boundery layer ocrought shout decresees 
in the boundary layer thicknesses and incrasses in the 
velocity profiles comperec to thoa#e unitheout lonization 
of the air. Heth of the above references treated bouacary 
leayera which were subject to preseure gradiants. This 
research conaidered the simpler case nhere no pressure 
gracdlent wae present, i. @. ab alretream moving over e 
flat priate. Furthermore, the previous referencee did not 
thoroughly inveatigate the nature of the houndery layer 
orosiies eapecitally laminar and turbulent beuncary lLeyer 


profileae with and witheut the air being ionized. In thle 
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work both laminer end turbslent bousdery leyere vere 
exenined. 

The teet data obtelned wae for Low eirapeeda, 
40 ft./ece. to BE {t./sec., with Lonizetion of the air 
below the mexiaum attaineble values. The &irflos over 
the fiat plate s@s conasicerecd teo-dimensional end ia- 
compreesible. 

The exseriments were conducted in the four 
feet by four feet wind tunnel laceted in the Oak Street 
Experimentel .sbvoretories Bullding of the Univeraity of 
Minseeots. This tunnel bad sn open throat test section. 

Prosessor John we Aderian, uncer whose guldsnace 
these experiaents swerve conducted, gave the suthor the 
privilege of ueing the facilities at the University of 
iinneects to cerry out these experiments. te siso gave 
many helpful augpestiona for lmprevement cf the teet 
procedures and equipment. kre Frank lb. terser sided 
immensely in the design of the electrics] equipment and 
ln the theoreticsl phesee of gsseous concuction. 
Professor Neuman A. Gell aselated the author in proclens 
ehnich arose Concerning the bownderyelayer theory. The 
G@uthor ia very grateful for tre coeperstion so feuerevely 
given by the 6beve wen @n00 othere af the etaff of the 


Uciveralty of Kinuesotea. 
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fo Subetantiate the phenogencn due to ionisetica 
of the downdery leyer of an airstream, eziating experiuent~- 
al and theoretical movwledpe sae eupioyec aa s basise. 
Aleo to «eer the discussion ov a plene with both the 
measurable quantities of the tests contained herein and 
usable engineering terns, the reaulte of lonizstion of s 
gas were given in wmacrosespic cyordinetes such aa temnp- 
erature, preseure, volocity, denaity end viscosity. 
Thes the problem of whet changes took place in the 
boundary Layer of ea gee such as air when it wes lonizsec, 
was attaczed from the fcllowing two pointe of views- 
lonization of @ gae brought about an alteration in the 
zero slip velocity sonditien of the gae st the solid 
boundary or eurfece of the {lat plate; and the viscosity 
of the g8e& wae changed due to ionization. The above 
approach to the problem wea Loy iesl since the resistance 
of @ viecitd filuie ta 8 crange in shere bes been expressed 
ge the shear etreses:- 


te PR 


wheres= gp * Goefiicient of vieossity 


u * Velocity of the layer of the flulc pereliel 
to the aurfseece of the boundsry or fiat 
slate shose coordinate woe x. 


y = Lietance from the surfsee of tha boundery 
to the point where uw existed. 
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Bxperimenta beve anoan thet the ehear atress effects on 
the flow patterne of fiuics were prominent only in a 
thin leyer of the fluid edjaeent to the boundery over 
shich the fluid wee flowing. This thin layer hea been 
Gubbed the boundery lsyer. Therefore, any vwerlation 
in the viscosity, m, or the walue of 3 u/d y perticulerly 
at the solid boundary would effect the nature ef the 
boundary layer of the fluid. This wee made cleerer by 
the following revier cf existing facta concerning the 
osture of the boundery layer of a fluid flowing cver a 
eolid boundary formed by @ fiat piste. 

The equations which represented the lemlaar flo 
part of an incompressible fiuid'sa boundary layer ea preven 
in nef. 3 end Ref. 4 sere (for a flet plate with sero 


creseure gredient or 2 p/d x © O)}s- 


kta (eontlouity ) (i) 
“ <s a ’ zt 7 : {momentum ) (z } 
udtTi.wvdf.k 

7.” 3" @ ep ot (energy ) ms 


wherese u, KX 80 y Bere ae given above. 
yp ® Coefficient of viscosity a6 ebove © Constant 
x = {heraal conductivity of fluic * Gonatent 


® Lenaity of fluid = Conatant (incompressible) 


“s @&@ 


S specific neat .f{ fluid at econstent pressure 
= Constent 


T © Aveociute teuapereture of the fluid at y. 
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The previous equétions were besed oo the fios baving been 
two-dimensional. Furthermore, {f the Prendtl number, 
Py * ph €y/k, egualed one, then eyustion (2) could be 
Gisesrded aince it wes represented by exjuation (2). In 
the case of the fluid in question, air, the value of 
Py © 4.76 mas not too far removed from ene to maue the 
previous statement unreasoneble. Therefore, equation (2) 
has been croppec by many investigatore and only ejustions 
(1) and (%) heve been usec to obtain equations exprese lag 
the flow in the houndery leyer over s flat plete. Their 
reeults have been given in the next paragraph. 

By coupearieon between foraulse and experimental 
Geta, expressions have teen developed which predict fairly 
accurately the variation of the velocity in the boundery 
lesyer, i.e. uw, with reepect te the dietance dowsstresn 
slong the Flate, xX, and the diatance perpendicular to 
the plate, ye One such equation for leniner flow in the 
boundary leyer based upon von Aercsen's womentum equation 
ma been Geveloped in Nef. &, page 158, equstion 14se, Gare 

G7 * iy - me) a (4) 
with:- U # Free streem velocity. 

n= y/8 
$ © Tciemeesse of the laniner boundary layer. 

The value ef o aiso wae approximetely given by (gee Ref. &, 


pege 90, equation (14.12 j:< 


& = 5.26 [Fx (5) 
eu 
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ACCOrGlag to sef. 5, page GEG, the walue of 5.28 above use 
replaced by 5.85, ehich discrepancy woe due to the deduct- 
fon of the point of tangency whereat the value of uw very 
nearly equaled the valve of U. | 

Using equations simller te (1) and (£) and (3) 
and experimental fincingsa, atallar reletionships for ture 
bulent toundery layers have. been given, Ref. 4 eng Ref. Sse 


w/t * gil? (6) 


1/6 4/5 
é 2 0.37 P 7 
Fan x (7) 
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The criterion determining whieh of the above seta of 
e,uetions appiy %“o the voundary leyer of a flat plate, 

hes ceen the nature of the oain or free airatreaa above 
sad shead of the flat plate. If the alratream wee leminar, 
the bovacary lsyer atarted out at the leeding adge cf the 
plete s@ laminer in n@ture end remained as auch up to ea 
Gletanee donietrean along the plete exia wierest a trene- 
itisn reg lon occurred. The position, cheracter and Length 
of that transition region hae not ae yet been fully 
eveluatec. {he boundary leyer downstreas of the tranagltion 
region nee veen found ts be turbulent in echeracter. aA 
turbulent boundery leyer hea been found to exist over the 
entire length of the plate if the free sirstreem imping log 
on the plate was turbulent. 


Bquetione (4), (5), (@) and (7) sere derived veing 
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the econditica prepesed by dubuat and by Stoteuse- 

oy (rel) zo 

(tangential) 

where V 3 velocity in the boundary leyer at the surfece of 
the filet plate, i.e. wu © Oat y = O for every x Slong the 
plate's aurfece. The above fact has been shown by countleas 
experimnente to be true except for rerefied gasee and certain 
organic Liquids whose mlecules are very large. Therefore, 
the particles of a fiuld in lumediate contect with the solid 
boundary adhere to it, #0 to speek, without slipping or in 
other sorda, there ia @ zero ealip veiocity boundary con- 
Gition at the eurface of the fiat plete. Thies in turn 
implied tsat 2 u/B y at y = @ wan finite, 
(2 uf Yiy 2 g * Be 


Any reduction in the walue of (2 u/d a 


would reault in a decrease in the shear atress. To reduce 


(2 u/d Yy a yg the value of Vit et) ential) would heave to be 


mace finite, and the Limit would be reeched when 


y (rel) = U at the surface of the plete thereby 
(tangential) 


elimimating the boundary leyer completely. One possible 


methoc of amxing V (rel) finite was to cherge the 
(tangential) 


perticles of the fivid snd then lapowe a like cherge upon 
the particles of the surface of the fiat plete. To charge 


Sir a corone discharge could be usec thereby creating 
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negative eluctrons and both positive ead negative hesvy 
fons. The epeeds of the electrons have been found to He 
hundreds of timee more then thoeee for either the serative 
or positive heavy lous. Ales for air the results of ex- 
perimente have aboueun that there sea 8 preponderance of 
positive lens over negetive iona formed in the corona 
cischerge region. Pherefore, the only peeslble charge 
retained in an eiratream any dletance downstream of the 
eorone dissherge region would be the predomingsnt poeltive 
charge due to the hesvy positive ions. Fig. 1 schemetic- 
ally depicted the conditions for uncharged alr cente ining 
neutral apleculesa end charged e@ir with positive lone 
moving Slong the asurfece of the boundary or flat plate. 
In Fig. 1 the particles of the alrstreau vere 
shown sae «alnute erik cwebie spheres many times smaller 
than the cavities formed by the eryetel structure of the 
surface of the flat metal plate. Thie was in keeping with 
the kinetic theory of gseece which eonaiders the ges as 
apde up of hard, elastic apheres all of an eduivalent 
eroaes-section Sand moving et rendom with @ velocity, v, 
wshien waa respivatle along three orthogonel exie. iinee 
Sli of the air‘’s particles were moving ito any direction 
at rangom until they collided with snother particle to 
have thelr path @nd tnitial velocity sitered, the only 
marticlee lumedistely edjscent te the surface of the 


boucdary were thoee with their veioclties, v¥, dlirested 
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Lowerd the boundary. Upstress of the fet plete, those 
perticles along with the remeluder in the airatrean had 
en additional velocity, U, equei to that of the free 
eirstream in acdition to their velooities, v. Thus the 
velocity U wae evident as kinetic energy imparted to 
the @ir mss while the velocities of the perticleo, v's, 
went into giving the air wee ite etatic pressure. 

For the case of the uachearged alr made up of 
neutral molecules, Fig. la, the aslecules at the surface 
of the boundary moved {initially inte the boundary saith 
velocity v aud peraliel to the boundary with velocity OG. 
OQnee the stoleculet ettered tra cavities or troughe of the 
boundary they rebounded from the geisaetic colliaiona with 
& net loez of the velecity U, i.e. U2 0. They in turn 
upon colliding rith the nearest molecules of the alratreaa 
changed the reeulteant velocities v¥ and mainly the forwerd 
velocity, Tne forwerd velocity efter collision wae u<U 
where a equ@led the velocity of the boundcery layer. 

Ii the sirativeam contained positiva lone and the 
aurfece of tne beundery wan positively charged, the con- 
ditions were then equivalent ta thoeee shown in Fig. 1 b. 
The positive electrostatic force field of the surface of 
the boundary, if of sufficlent negnitude, caused the 
positive ion of the f{oree fleid te be repelled by the con- 
centrated flelid of the varticles at the create of the 


beuncary eurfece. Therefore, the Llons did not enter the 
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cavithese and did not looses ell or part of their forwerd 


velocity, U. 
The conditions stipulated in the preceding 
psragreph would result poselble in asking y (rel) zu 


(tangent lal 
at the eurface of the flat plate and thereby eliainete the 
beundery layer provided a11 of the particles of the 
airetreem were charged, i.e. poaitive heavy ions. 
According to page 147 of Kef. 7, the poasibliities of 
ionizing #11 of the particles of a gee, eepecially at or 
neer atmospheric preesure, sere very unlikely. Thue the 
ef{retresm in thie regesrch work, at almost atmospheric 
pressure, contained both neutral melecules and positive 
fone. The positive fone did perhepa have some effeet on 
alteriog the slip concitions at the surface of the flat 
plete in the region of the corona discherge. Hotever, cue 
to the high mobility of poeltive lions they delonize by 
Giffueton very repidly im elr at or near atmospherle 
preséure, see Hef. & page LOZ. To delonize theuselves, 
the positive lone have to riek up electrons fron either the 
ese or the walle of the confining veewel. Hence, the 
positive tens when meved in tke alrstream only 38 short 
Gistance downstream of the region of tne corona diecherge, 
rasidly converted to seutral molecules by colliding with 
the vaekelite sides of tye box aad capturing electrons 
therefrom. 


Tenization of the alraetresm was also inf luentisl 
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in recucing the viscosity of the siratream conte inlag 
poaitive lone. Thie was ehowen by considerlng the viecosity 
to be given by Sutherland's forgula, see Kef. 7, page 1641- 


* & : 
P i (8) 


woerese @ ® Conetent dependent en the gas. 


¢ = at io) 8 (9) 


{(e) * Porce-fleld between the particles upon 
colliding. 


<0, @n attractive foree field wsrerein the 
colilsion cross section was inecressec. 
>9, @ vrepulaive force field whereln the 
Goliision croses sectlon wee decressed. 
v ® Velocity of the gee particles 
m © Hass of the gaa particles. 
although the abeve equation has been supplanted by othere, 
the values of viscoaity given by it have been found to 
agree closely with experiwenteal values for gases at/or 
near stmoapherie pFreseures. 

Assume that the airetream hea been lonized with 
the value of the tewgpersture of toe lenized alr egual ta 
that for the un-lonized alr, 1l.@. fF ® constant. This Left 
the vwerieble ©, equation (9), to be examined. Aec {it been 
poeaible te lonize @ll of the nerticlee of air 6s sositive 
ions, £ (©)> 0, @ repulsive force field exieting, the 
Viscoeity would heave been lncresaed. Yet, the possibility 


| < 
of thereby having o< y (rel) =U at the well might 
(tangential ) 
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have been of sufficient ecneequence to heve caused 8 net 
reduction of the boundary layer in thickness and an in- 
crease in tie velccity profiles. Bovever, experiuente 
heve Gefinitely shown that, se sentioned previously, it 
was impossible to completely ionize every particle of the 
air under the coronas dlachiarge. Furthermore experisentel 
results have definitely proven, Hef. G, thet in & gas con- 
visting of lous @nd ceutral molecules, there wee e strong 
attrective force between the leona end the neutral eclecules. 
In fact neutrel molecules clustered sround a poalitive ion 
to lecresse the colliaion croes section and decreese the 
meen free path of the particlee of the tientzed air. Tris 
in turn sccording to the Kinetic theory, reduced the walue 
of the vieccelty. Sutherland's foraule deriveé on the 
principles of the «inetic theory of geses clearly shosed 
that fact. sence, the lonized eir in the corona diacherpe 
region hed a lover viscosity than that for the un-lonized 
air provided the temperatures were the same. REquetions 
(4), (5), (0), @ad (7) Iimclcated thet the reduction of 
the viscosity in turn lowered the thickness of the boundary 
layer for Llonized air in comparison to un-lonized sir. 

fo summarize, the effects of lonizing an eliretreen 
would be twofold:- a decresee in the viscosity and an 
lacreese of the slip veloelty at the surfece of the 
boundary frou zero to some f{luite value over that for un- 


lonizsed air. @Yhe flonligsed airstream would be present only 
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in and @ very short distence downstresm of the reglon of 
Gorone discherge. For a further diacuselon of the 
possible factors involved ia fonization of moving fiulds, 
see ef. 9. 





The siad tunnel in which the experiment wee con- 
Gucted had gan open throat test section, the croes-sect ional 
ares of the teet section airetreaa was four feet by four 
feet. Toe sirepeed in the test section could be varied 
from 25 {t./eec. to about 100 ft./aec. & view of the equip} 
went niounted in the teet section of the tunnel ie shown in 
Fig. &£ and Fig. &. The speed controla and mnometera for 
regilatering the tunnel ailr-preseures is pictured in Fig. 4. 

The asnometer on the left of Fig. 4 wee connected 
to the satatic pressure tap vented in four placed around 
the tusnel section upstream of the test section. This 
manometer had ae elent of 28°, snd the sveed of the alretrean 
wes cheeked by means of it. 

The silent menometer to the right of Pig. 4 wea 
of the néeenmuller type pletured in Hef. 10, page 4236, 
Fig. 1¥v. Thie s@nometer was used to measure the cifference 
betweea the static anc impact preawurea present in the 
boundery le;er of the flateplate of the model. The teo 
epenings of the manometer were connected - ene to the 


impact tube and the other to the static pressure tan of the 





\egbraencergya anh cxtdams 2802 994HY Ente oe wet Eateee 
cen) ct Seer crcl see ceesrerd F enne ase cael os be Seve 
merit ee Cleese el nees 2007 pa et coeds =F feat 

«20m ws a wnlT © See 1 ee pemee es oer et 0S aatt 

<< ce od eee Te Ge ania sues od oP Ror Coe 
4a eeereenerke Ged stunteey Gemee or? 7 eee 

+ Abd a Gen eetly 6 eoeurson—aie domme) es qaruare: am 

onreemnoe wor + - ne Te Me 2 & Ieee = 7 
Seed wowed) Went ws Getewe met ewwesews ol 7aie wee of 
ee) ee ee 

oeesibdle Sh ta Ghee Ses Gan ye to feels 4 bet eee 

ot 4 oem Be Sheers em 

woe © eal) Le eee @er @t cetemete seats eT 
ee chew Wi - tee eo Genel ety! Tolle our 
couese ltl ett Geebane us Seve vee Setmeme ©! 17 a 1st 
Pe ee el 
sot ey) .cethae td Te we SietSkt B54 bere a queormes 
ote 40 Gee = 86P ee Slee Val ometas otf Be syulorery 
np te en eewanety Chere wh of ‘Wane n42 Gas ated Sem! 


14. 


model sheen in Fig. Se and Fig. Sb. 
| Beth of the @bove a@nometers conteined methri- 
alcohol ea the seasuring Liquid. 

fhe model, Fig. Sa and Fig. Sb, wae essentially 
i box with the upper surface acting az the filet plate teat 
surfece. All cf the aides of the box and the dolly sere 
made from ilnen-bakelite. There were two fiat plates #hich 
were interchengeable by meane of the screws, ene wae of 
praca and the other sas of linen-bekelite. Both teat 
surfaces were Very smooth. The impact tube consleted of « 
glees-tube origineliy 1/8-ineb ia dieweter end ¢rewa down 
to about 0.064 in. outeide-diemeter at the end meseauring 
the impact a in the boundary isver. f{»e vertical 
Position of the mouth of the impact tube could be varied 
and measured — of the pradusted pulley which sct- 
uated the alcrometer head, 0.025 in./revolution. The trana- 
letery portion of the alcrometer aotlion was treneferred to 
the gleage impact tube via the Leahaped ewivel connection. 
The dolly could be moved in the track to points up snd 
downstream along the plate exile, a set seren fixing it in 
peaition. 

Four needle polate mounted on 1/d-in. dlaneter 
acrew jecus extended from the braee plete into the region 
of the airstream at the plate'e ieading edge. Ionization 
occurred between the needle pointe and the brase plate. 


Previowae &ttem>te at Lonizing the aoving body of 
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alr were made by means of the network of crossed wulres 
shown in Fig. @. The wiree were of plano-wire of 0.009~- 
inch diameter each speced 1/S-ineh apart, those running 
horisontelly being separested by about 3/4-inch from theee 
in the vertical direction. The horizental bank of wires 
covereé &@ vertical ciatence of G-inchesa, the vertical bank - 
a distance of ¢-inches, which meent thet the net area 
where they crossed wes 4 by 8 inches. The fours nylon lines, - 
tro crossing each of the benks of wire, were used to pull 
the outer wires of eech bank awey from each other. This 
helped cut Gown the concentration of lomizstion slong the 
ecgee of the rectangular erea where the wires croseed anc 
cauege it to be distributed acre evenly over the interior. 

Tenisation wee efiected by a heif-wave rectified 
1§ ,000 volt - 60 milllismp AC power supply. The nigh 
Voltage leads were etsily connected to either esoh of the 
banke of wires mentioned @bove or to the flat plste teet 
eurface and the terminal to the plate holding the needle 
points. The output voltsge of the power eupply could be 
varied by the 0-130 volt aad & sump veriac in the Input 
side, see Fig. Ge and Fig 6b for cetaila cf the eiectricel 
circuit. 

& large copper wire Seah screen was pieced be- 
tween the test section opening and the working ares out- 
side of teet section, ses Fig. 3. This ecreen wae intended 


as a sefety feature and wae grounded. 
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Teel Peockyvng 

Initiel tests were made with the wire ecreen of 
Fig. 6 in poeitien end connected to the high voltage 
power eupply so that Lonisetion wes occurring between the 
croesed pleno aires. Pitet surveys sere teen in the 
beundsry layer et verlous points slong the fiatplate axis 
“gith and without the fonizetion ocourring in the reetenguler 
eres of the screen. No appreciable effect wes noted on 
the boundery leyer velocity profile due to Lloniszetion. 
This fact eoupled with the evidence that the loulsation 
occurring vetween the sires sae rather low and concentrated 
at points sithin the area rather than being dilatributed 
over the srea, led to tye elimination of thie method of 
lonising the airatreem in favor of the needle pointe end 
plate. For the lonization between the crossed sires both 
the brese fiat plete test surfsee end the iinen bakelite 
vlate were tried. Also a high peaitive voitege of asvout 
1,500 volta wag plecec on the breee plate. Wone of the 
above setups yielded any results. The intensity of the 
fonisation wee determined by looking at the blulah glow 
between the wires in s darkened room. Clorer specing of 
the wires increased the amount of Llonizatisn but elas 
brought some of the wlres cloae enough so thet arc-overs 
occurred whieh ruptured the wires and was the reason for 


some «lree boing missing from the vertical bank of Fig. &. 
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All the ruos for shich the test Gate wae obts ined 
and locluded in this report, were wade with the tonization 
ocourring between the four needle points and the braes 
plete. Hech of the runs conalated of the fullowing pro- 
cedure. Prior to atarting the tunnel, the etaospherie 
preseure was measured on a mereury barometer and wae 
oerrected for temperature. The tunnel sas etarted and 
minteinec at speed by holding the alcohol at a fixed 
level in the slant wanometer to the left on Fig. 4. The 
micrometer had been edjusted prior to starting so that the 
glase impact tube head sag on the surfece of the flet 
Dlate,- the dolly having been set at the desired point 
along the axis. In every run the impact tube wae moved 
eway from the surface of the fiat plate thereby elininst ing 
any differences in vertical distances due to plsy tn the 
mechanies hed the reverse direction been used. The iupect 
tube was set at succesaively incressing distances away 
from the plate by reeacinga on the gredueted pulley act- 
vated by @ atring leading outside of the tunnel. At thoge 
distences the value of the pressure registered by the 
slant manometer shows to the right on Fig. 4 was reeorded 
first for zero-voltage between the needie points and the 
filet plate and then for sprproximetely 18,000 volte acrosa 
the above. The run wae termineted when te nenometer fave 


aucceseive reedinge that were ceoustent thereby showing that 
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the free alratrean hed been reacnea. For eacs distance 
away from the plate and eaeh corresponding peir of pressure 
readinga the wet and dry bulb temperatures of the tunnel 
sir sere recorded sleng with the temperature of the aloohol 
in the manometers. The wet and dry bulb teaperaturesa were 
u2ged to correct the alr density of the tunnel sir in 
eccordance with the method given in Ref. l. 

A run was made to cetermine the vwaristion of the 
etatic presaure gradient along the plate by connect ing 
tubes to the two atetic prersure taps on the flat plete, 
see Fig. 5, and lesding them to the sient swenometer. The 
oressure gradient was zero. 

An attemrt was mice to detect whether any lonized 
sir had reached the exit portion of the model by placing 
a round copper wire ecreeu normal to the sirflow cownetroean 
of the exit. The edges of the screen hed been rounded to 
eliminate any ground effect between it and the breesa plate. 
fhe screen was connected to ground throvgh @ gal vanometer 
wnose Genesitivity saa about 0.06 aicroaxps per millimeter 


‘se@le deflection. Ho reading was obtalneble. 
GROOT VATA 


The experimentel resulte indicated that the bound- 
ary lsvyer sea decresaed for beth leminear and turbulent 
flow in the leyere, seo Fig. 7 and Table I end Table II. 


A@ explained above if the free stream wea leominer, the 
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19. 
boundary layer would eventwally change from laminar through 
a transition region to turbulent flow. According to the 
brief resume of the problem @« mentioned in Ref. &, pege 
385, the exact cheracteristics of that tranaition rogime 
have aot been clearly eatablighed. Aowever, if the oreaeure 
gradient over the flat plate waa zero, the free stream 
velocity remained conetent and yet by some means the 
boundary layer wae decreased, then {t can be stated a' 
posteriori that the tranalition region moved downstream and 
the oscillating point ehere traneaition started did Likewise. 
Thue if tonization decreases beth the lamingr and turbulent 
coundary layera then it should move the trensition rvoint 
from lemiagr to turbulent flow in the lever, downstreaa of 
the ome for no icnization. This wee the best epproach 
eousicering the complexities of the problem of maulng 
wesaurements of the treneition reg ion. 

Origiaally the plena were to take successive 
surveys of the velocity proffiies of the boundary layer st 
points pargilel to the axis of the plate. fhe plate ses 
Gesignued @9 that it wae long enough to itnittete tranaition 
from laminer to turbulent flow La the boundary layer. 
During ope set of ruas, Tebie I and Fig. 8, when the sereen 
of plano-slrea wee left upstream of the acdei, the power 
supply developed s burn-through in the co-axial bigh 
tension leads which dropped the voltage at the needie 


points to a wiue sierest ao lonization wed attained. Those 
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rune proviced the only boundery leyer profllea wiict closely 
resemDiec laminar lsyer profiles, see Fig. 7. To esse the 
ererétion of adjusting the needle points to tre 'eight above 
the filet plate after they bed run for some time end ioet 
Gose of the metsl at the pointa, the screen of piano wires 
wne removed for the next set of runs, Teble If aud Fig. 9%. 
fhe same procedure wee followed es for the rune of Table 
I but the resulting boundary laver velocity profiles were 
very cloee to those for turbulent flow even up nesr the 
Dlate'’s leading edge. 

however the main rset evidenced by ali of the teat 
date wes that the boundary layer with Lonlzation securricg 
in the regien of the leading edge of the flat plate, me 
taproved over that without ionization. By luproved it war 
meant that at conuetant x ane ¥Y ordinetes in the boundary 
layer the velocity for the flonization leyer more nearly 
ejueled the ideal of the free stream velocity and siso thet 
the bouadery Layer thickness was seemingly lowered in 
compsaricen to the un-louized layer, see Fig. &@ and Fig. 2. 
From the valuee of the boundery layer rrofilea obtained 
et various etetione siong the plete, different x‘e, snd 
for suvetantiaily the seme {ree etreem velocities of UO, 
the Gispiecement of tne prefllea for the lonised and un- 
founizged cesses indicated that the Lonizetion effect wee 
occurring upetreem in the region of the needle painta and 


the coreua discharge. Thie wae in aceerdenctce with the 
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stateaents mode in the section Hethods-Theory thet the 
free tone in the siratreem Gounetream of the corons dia- 
charge region would lose their otmrpes by Guiexly neutral- 
izing with eiectrons captured from the btekelite welie of 
the model. | 

Therefore, attention was aow confined to the 
region of the corona or glow diecherge st the four ceedie 
points. The only means present during the tests for 
determining the fact thet a glow dlecharge was occurring 
and for eveluating ite intenelity wae by visually checiulng 
the glow in the dark. The effect of the diacherge wae 
shoun in the photograph, Fig. 10, which was typical of the 
negative polat te pilene corona deseribed in fief. &, peace 
S15. The glow at the surface of the test plate belcw each 
needle pelnt wes probebly secondary exiseion. More kcow- 
ledge concerning the oSture of the corona discharge could 
have been obteined hed there been a voltmeter and amveter 
in the high voltege side of the power aupyly. The only 
peselble cheek on the fect that the glow wee et or very 
near Lite maximum weloe wes to eet the input voltere by 
mesas of the variac to a value just below the point whereet 
G@re-over occurred at the points. The reason for sot 
eorerating the point to plane discharge in tre arc-over 
region saa that the @mount of free positive lone wae re- 
cueed, see Kel. 7, page Sil. In feet the velocity st a 


soint in the bowncary leyer wee noted to increase when the 
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corons discharge wee preseat over that without the die- 
charge, but @8 soon aa &n BSre-ovVer cecurred the velocity 
dropped. 

One fsct which muet be considered uaa that the 
air in the coronme discharge region wae being heated by 
the interaction tetween the perticlea. From previous 
experiments, see Kef. 7, peges 291 and 313 and Ref. G, page 
607, the teaperstures at the needle point and the plate 
sere in the neighborhood ef 5,800° F. Thies in turn meant 
that the boundary profile undergoing lonization wea at a 
higher tempereture than the one for no fonization. Inspect- 
fon of equetiona (4), (&), (6), (7), and (8) implied thet 
the boundary leyer undergoing Lonization should heave been 
thicker and that the velocities lower 8t corresponding x end 
y diatances compared to the layer aith no Lonizcation. (for 
further information on the effect of temperature upon bound- 
ary layers see nef. le and Kef. 12). If temperature hed 
beea the only effect on the boundary layer with and without 
foniszetion, then the lonizetion boundery leyer velocity 
profiles et the teet gointe of Fig. G and Fig. 9 should 
have been thicker acd contein lower velocitice than those 
for the no lonisation profiles. Sinee the Latter waa not 
the case, the only anewer wee that the lonisation brought 
acteut e euffictently lerge enough change in the boundary 
Layer profilee to olfset the tempereture effect. 


Unfortunately ao accurete oheck could heve been 
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mace upon the teaperature grecients in the bounéary-leyer, 
gue to the fect thet any thermocouple brought into the 
boundary layer cioge to the piate at 15,000 volte rould 
have caused 6m ere~over to occur between the plete and the 
thermocouple to makxe any readings impoaelble. 

According to the findinge itn kef. 1, the lonizetion 
of the boundary Layer ooviovely had no effect beyond 66 ft./ 
sec. Test resulta presented as Table III end Fig. 1 were 
used ae a checi since {t was easier to assume that the 
turbulent teundary layer proflles cbheyed equation (6) rather 
then try to (it a curve to the leuilnar boundary layer pro- 
files of Fig. & which @id not closely approximate equstion 
(4), see Fig. 7. The resulta of u/J versua y were plotted 
on Fig. 11 for both the lonized end un-lonized boundary 
layer profiles meeeured at x © @ in. From equation (6) for 
the same velues of x and y, the thicknege of the lonized 
boundary layer, 01, was related to the un-‘onized thickness, 
$, byt 


7 
b= 6 an . 
The ebove equation implied thet the ratio of (w/U)/(u/T), 
should have been conetent fur the lonized end un-lfonlized 
levera et egGusi velues of y and JU. Thle couditisn could 
not ba met by the welues of Teble ili because the amount of 
lonizgation occurring at eech eet of (u/U)} and (u/U); taken 


at the same y was not exectiy the seme. The influence of 
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leakege turougn the co-exial cables earryling the bigh 
voltage to the model grew woree during each series of rune 
thereby reducing the smount of lonization during the course 
of a run. Aliso {rom the curves of Pip -2l it was evident 
thst all the values of u/U, (u/U), and y did not lie 
exsectiy on the thesretical curve. To make a rough 
approximation of the effect of speed changes upon the re- 
aults due to lonizetion the following wee done. 
| For cenetant U and at each value of y the ratios 
of (a/U)/(w/0), wa computed. The seventh-vower of eseh 
wae taken to give the corresponding &;/6. The reaulte 
were averaged to give:- For U = 46.1 £t./eec. 63/5 = 0.850 
Us 61.5 £t./e0ec. 54/5 = 0.986 
Us 76.5 ft./sec. 5;/b = 0.947 
Since the effect upon the boundary leyer due to lonigsation 
occurred in the region of the corona discharge, the decrease 
in the boundary layer thickness due to lonizetion could be 
ilkened to s decrease in the length cf the flat plete from 


x to xy- Tole was determined from:- 


4 l/s 4/5 (Kef. 3, page 147 
S; # 0.37 a5 Xq equation (25.4) } 


Wience to 0;/9 > (xg/x) 

The above @esumed that the Leonized and un-lonised boundary 
layers Gounstresm of the corona bad the sane values of p end 
Cand g- Since x = 8 in, then:- 


for U = 46.1 {t./sec. xy, = 6.54 in., Ax ® 1.46 in. 
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U = 61.5 ft./seco. x, = 7.35 in., ox ® 6.65 in. 

U * 76.5 f{t./eee. xy = 7.49 im., Ax © 0.51 in. 
where se Okeke Ky 

From the above velues of Ox it may be conciuded 

that the effect due to ionization decreased with increase 
in alrapeed U. However, due to the above nenticned in-~ 
conslatency in the amount of Lonigetion shich occurred 
gGuring eech reading giving (u/U )¢ and that the accuracy of 
the meseuring mancsieter at the higher speede (which neant 
higher elent angies for the manomater leg) was not within 
the acourecy seeded to calculate the values of u ia the 
third place, the preceding etatexent wee very queetioneble. 
(The accuracy of u/U sed (u/U), to the third place wae very 
effective when the seventh root was tsken to obtein 65/6.) 
The wives of Ax cid provide definite evicence thet the 
chengea in the boundary layers caused by ionization was 
confined @ppreximately to the region bounded by the corona 


or glow discierge. 
CURCLUSIORS AND KECOMMENLATIONS 


iloniszetion of e rerlon of an siratresam moving 
over a flat plate decreased tae thicknesees of the beundery 
leyera and increseed the valocity prefiles in the region 
where ionization wee occurring caspared to these wvithaut 
lonizetion. The avcove wae noted whether the boundary leyer 


woe leminer or turbulent. Aithough the eliterationse of the 
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boundary leyer were present in the region of the corena 
disehearge, they were transferred to the doenstream portions 
ef the boundery layer where the ailrstreem waa no lounger 
louized. Thus any decrease in beundery layer thicknese and 
accompenying increase in velocity profile upstream in the 
fouization region resulted in decreeees in bovadcery layer 
thiecknessea Sud increases in velocity preflles at rointe 
along the plate downeiream of the ionization region. Hence, 
the trenaition point frem laminar to turbulent fiow with 
fonization of the alretream preseot upstream, waa moved 
downatream from ite position when there ware no lonizatton 
of the upetream portion of the airstreem. 

From the above cencluelone and the feet thet the 
experimental resaulte did not completely anawer all of the 
problema presenteé by isnizing the boundsry layer, other 
points worthy of further inveetigation ere uwentloned below. 

One aepect ie the improvement of the lonizattion 
procese. A& mentioned. before, tie airstreeme of this ine 
vestigation had not been lonized as completely ae they 
Coulc heve been. This entaile the uae of higher voltases 
aad different coafigurations inetead of the needle pointe 
and plete arrangement, tc provide optimua lonizetion. The 
Gevice usec by C. Bw. Shear in hie teate, Hef. &, not anly 
fooized the air in the boundary layer but also wae cepable 
of adding velocity to the boundary layer to incretse the 


velocity profiles. The added velocity wae in the form of 
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an “electric sind". Ales in Hef. 2 the fect thet a 
rediating substance plated to the surface of the boundary 
in an alretream would act es @ source of ions, was proposed 
ae @ practice! selution to the applicetion of the principles 
to sireraft and miesiles. This letter method is particular- 
ly inviting from the polat that the loniaing source would 
not heat the sirstream @s maritedly ea an oleetricel die~ 
charge mechanism. Thue the deleterious high temperature 
effects imposed upon the boundary layer in the corona die- 
charge, euffered in this experisent, would be absent. 

Bounaary leyerse in air et lower then atmospheric 
rressure2 should be investigated alnce at lower pressures 
there are ferer perticles of the air to lonize thus swing 
it more ilkely to sttain a lerger amount of positive ione, 
and the charged perticlee of the sir retain their charges 
for longer distances anay from the field producing the 
lonizat ion. 

fo Gefiniteiy prove ehether the effect of lon- 
ization of the air — the boundary lieayer fe cue to the 
velocity of the @eirstreem being equai to a finite quantity 
other then zexo et the surfece of the boundary, a means of 
Mesauring the velocities of the boundary layer et the sure 
face of the boundery aust be used. In this investigetion, 
the thicenesses of the gidee impset tubes prevented any 
“gesurements of the boundary layer velocity profiles any 


closer to the eurface of the boundary tran 0.017 in. Gue te 
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the introduction of cepillerity in the Impact tube if the 
tube-opening was smaller, the thicknews of the glaea sails 
of the Lmpect tube, and the interference in the airstreen 
between the tube and the solid boundary ahen the tube wee 
teo Ciose to the boundary. 

ihe effect of speed clmages upon the inf iuence 
of lonization in the boundary isyer ehould be examined. 
However, sinee the bouncery leyer noreally stertie out st 
zero velocity st the wall end ultimstely reaches free 
atream velocity, lenizetion effeete should atilli be 
preccominest in the low velocity pertiona if high epeeda 
adversely effects the phenomenon. 

Ionization of elr ie eles dependent upon the 
emount of dust aud water-vapor eutrained in the air. Ales 
high intensity lomizetion of air cauees it to dissociate 
and fora other ochemicsi subetences such as ozone. The 
preceding phebemenon may very markedly influence the re-~ 
gulta brought @bout by lonizing the bouwndsery laver, and 


those could be investigated. 
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Voltage inte low vide of power supply for lonisettion. 


Diatance along flat plate axis measured from leading 
edge of plete. 


Distance from fiat plate into beundary lever. 
Free atream velocity 

64.3 ft./see. for x * 2 in. 

52.6 ft./aec. for x ® 4 in. 

52.3 £t./sec. for x * 6 in. 

BL.Y {t./e0oc. for x * 8 in. 


Velocity in the boundery layer et y. 
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bistenee slong flet plete axia measured from leading 
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Distance from flet plate into boundary Leyer. 


Free stream velocity 
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43.0 ft./aec. for x ® 17.5 in. 
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Ionization between bress plate (flat test plete) and 4- 
needle pointe. 
V © Voltage into low side of power supply for lonisettion. 


U = Free atrean velocity. u #* Velocity in the bouncery 
layer et Ye 


x and y se on Tables i and II. 
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